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ABSTRACT 
In this paper we describe the design, fabrication and 
performance of a high-T, GdBa2Cu30., super- 
conductor bolometer positioned on a 2x2 mm2, 1 pm 
thick silicon nitride membrane. The bolometer structure 
has an effective area of 0.64 mm’, and was grown on a 
specially developed Silicon-On-Nitride layer. This layer 
was made by direct bonding of silicon nitride to silicon 
after Chemical Mechanical Polishing. The operation 
temperature of the bolometer is 85 K. A thermal 
conductance G=3.3.10-5 WAX with a time constant of 
27 ms has been achieved. The electrical Noise 
Equivalent Power (NEP) at 5 Hz is 3.7.10-12 WHz-”, 
which is very close to the theoretical phonon noise limit 
of 3.6.10-12 WHz-’, meaning that the excess noise of the 
superconducting film is very low. This bolometer is 
comparable to other bolometers with respect to high 
electrical performance. Our investigations are now 
aimed at decreasing the NEP for 84 pm radiation by 
further reduction of G and adding an absorption layer to 
the detector. This bolometer is intended to be used as a 
detector in a Fabry-Perot based satellite instrument, 
designed for remote sensing of atmospheric OH. 
1. INTRODUCTION 
The technological feasibility of a high-T, super- 
conductor transition edge bolometer is being 
investigated, which could satisfy the requirements of a 
Fabry-Perot (FP) based satellite instrument designed for 
remote sensing of atmospheric OH [1,2]. This is one of 
the instruments being investigated in the context of the 
PIRAMHYD program (Passive Infra-Red Atmospheric 
Measurements of HYDroxyl) of the European Space 
Agency. The PIRAMHYD program aims at the global 
monitoring of important species in the atmospheric 
chemistry by limb sounding of self-emitted radiation. 
Hydroxyl has the first priority because of its central role 
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in the stratospheric chemistry and because of the lack of 
data on its concentration. In the FP instrument a Fabry- 
Perot etalon together with a reflection grating is used to 
select the 84.42 pm emission line of OH. In order to 
make the instrument compact with a long operation time 
it is designed for cooling by a mechanical cryocooler. 
The minimum operating temperature of the detector is 
therefore 35 K. Further requirements for the detector are 
a time constant < 0.3 s, a size of approximately 1 mm2 
and a noise equivalent power (NEP) smaller than 
4.1 0-l2 WHz-” at 84 pm. None of the presently available 
detectors can meet the stated requirements, but most 
promising are membrane-type bolometers with a high- 
T, superconductor transition edge thermometer [3]. 
Such bolometers suspended by silicon nitride have been 
presented before [4,5], but these contained much 
smaller detector areas (I 8.10” mm2), or involved 
growing of silicon nitride after deposition of the 
superconductive layer, resulting in degradation of the 
superconductor. 
2. BOLOMETER THEORY 
The bolometer is a thermal detector, which employs an 
electrical resistance thermometer to measure the 
temperature of a radiation absorber. We shortly present 
the theory of the bolometer, for a more detailed 
explanation see for example Richards [3]. 
A bolometer consists of an absorbing volume with heat 
capacity C [J/K] at a temperature T. It is weakly 
coupled to a cold bath with temperature To by a link 
with thermal conductance G [W/K]. The bolometer 
contains a resistive thermometer which is usually biased 
with a constant current I and is characterized by its 
temperature coefficient of resistance CL, which is given 
by: 
K-7 1 dR R dT 
a =-- 
Since the thermometer is biased with a current I, the 
response of the bolometer is influenced by 
electrothermal feedback. This effect can be expressed 
by the introduction of an effective thermal conductance 
G, [WIK], and an effective thermal time constant z, [SI, 
with 
and z,=C/G, . For stable operation G, must be greater 
than zero. This implies that for a positive temperature 
coefficient a there is a maximum to the bias current. 
The operational point is generally defined by a 
parameter a=12Ra/G. In literature a=0.3 is regarded 
close to the optimum. 
In case of time varying input power P(o) [W] with 
angular frequency o, the voltage responsivity S [V/w] 
is given by: 
(3) 
with q the absorption efficiency of the bolometer for the 
incident radiation. In this formula the responsivity S is 
linearly dependent on I. Since the maximum of I is set 
by the constraints on electrothermal feedback, S can 
also be given as: 
The sensitivity of a bolometer is limited by various 
noise sources, which can be added quadratically. The 
noise is generally expressed by the amount of power 
incident on the bolometer which creates a signal 
amplitude equal to the noise source. In case of high 
quality materials and a good design, the NEP [WHz-”1 
in our design is dominated by two sources, the phonon 
noise and the llf-noise of the thermometer, and can be 
expressed as: 
4kT2G S,(o) 
+2 N E P ~  =- 
q 2  Is1 
The first term, the phonon noise, arises from random 
exchange of energy between the bolometer and the heat 
sink via the thermal conductance G. So a low 
temperature and weak thermal conductance are 
advantageous. The second term is due to the excess 
voltage noise ( l l f )  of the thermometer. S, (a) is the 
power spectral density of these voltage fluctuations. For 
many bolometers the low frequency llf-noise is a 
limiting factor to the bolometer sensitivity. 
Besides the NEP, the detectivity D* is also used as a 
sensitivity parameter. D* is less sensitive to the detector 
area A, and is defined as: 
[ cmHz”/W] * J A  D =- 
NEP 
3. BOLOMETER DESIGN AND FABRICATION 
3.1. Background 
Recently, high-T, GdBa,Cu,07.b transition edge 
bolometers on micromachined Si membranes have been 
reported, with an operating temperature of about 85 K 
[6]. These bolometers with a receiving area of 
0.85x0.85 mm2 had a NEP of 3.10-l’ WHz-” and a 
timeconstant of 0.4 ms. To obtain a high quality 
superconductor, an yttria stabilized ZrO, (or YSZ) 
bufferlayer was first grown on top of the Si membrane 
(YSZ is a bufferlayer material commonly used when 
depositing high-T, superconductors on Si). This 
bufferlayer prevents diffusion of Si into the 
superconductor, and makes up for the lattice mismatch 
between the superconductor and Si. 
Due to the high thermal conductance of the Si 
membrane, the sensitivity of this bolometer is too low 
for our purpose. However, by replacing the supporting 
silicon by silicon nitride, which has a much lower 
thermal conductivity, it should be possible to obtain the 
required sensitivity. A problem imposed by this change 
is the fact that a thin single crystalline Si layer is needed 
on top of the amorphous silicon nitride, to allow 
epitaxial growth of the superconductor. 
3.2. Silicon-On-Nitride 
The starting substrate for the bolometer production is a 
Si wafer containing a Silicon-On-Nitride (or SON) 
layer, consisting of a 300 nm thick monocrystalline Si 
layer on top of a 1 vm thick silicon nitride layer. This 
SON layer has been specially developed for this project, 
and is made with a bond-and-etch-back technique 
involving a fusion bonding step between Si,N, and Si 
[731 (fig. 1). 
The 1 pm thick low-stress Si,N, layer is grown by low 
pressure chemical vapor deposition (LPCVD). Before 
bonding, the surface roughness of the Si,N, is reduced 
by Chemical Mechanical Polishing (CMP) from 3.6 to 
0.4 nm (RMS value) in order to obtain a bondable 
surface. Two different etch stop methods are used to 
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obtain the thin Si layer after bonding-and-etchback: the 
boron etch stop in the KOH/IPA system (route 1) and 
the buried oxide (BOX) stop layer of a commercially 
obtained SO1 wafer in KOH (route 2). 
Si 
P' ' 
Si,K, Si,N, 
Si,N, 
Fig. I :  Two routes for Silicon-On-Nitride production, using a 
p" layer(le3) or a SOI wafer (right). 
For the first route, a 3" double sided polished Si wafer is 
boron doped by implantation at 35 keV, with a 
concentration of 2.1016 cm-,. After room temperature 
bonding, the waferpair is annealed for 2 hours at 1000" 
C in N,. Etch back is done in KOH, to remove the bulk 
Si, and KOH with Is0 Propyl Alcohol added, to increase 
the selectivity towards highly boron doped Si. Further 
thinning of the Si top layer using CMP yields a 
thickness of approximately 300 nm. 
For the second route, a 4" SO1 wafer has been used, 
containing a 300 nm Si layer on top of 400 nm SO2, 
obtained from AT&T. After room temperature bonding 
the waferpair is annealed for 15 hrs at 1000" C in N,. 
After etch back in KOH and stopping on the BOX layer, 
the oxide is removed with buffered HF. The thickness 
of the obtained top Si layer only depends on the SO1 
wafer specifications (fig. 2). 
Fig. 2: SEMphotograph of a 0.3 pm Si layer on top of a I pm 
SixNy layer, made using a SOI wafer. 
Prior to bonding, the wafers were cleaned in a two step 
process using nitric acid, followed by a rinse with DI 
water. Both routes have successfully been used for the 
production of bolometers. 
3.3. Bolometer Production 
The processing scheme for the bolometer multilayer 
production is shown in fig. 3. A 40 nm thick YSZ/CeO, 
bufferlayer is epitaxially grown on top of the SON layer 
using e-beam evaporation. The CeO, layer decreases the 
lattice mismatch between the superconductor and the Si 
even more compared to just YSZ. Subsequently, the 
YSZ/CeO, and Si layers are patterned by Argon ion 
milling and reactive ion etching respectively, thereby 
defining the bolometer layout. The superconducting 
GdBa,Cu,O,, is deposited by magnetron sputtering, to 
a thickness of 50 nm. Only on the parts where the 
Si/YSZ/CeO, layer is present, this film has a good 
epitaxial quality. Outside this region, where it is 
deposited on the amorphous silicon nitride, the 
GdBa,Cu,O,-, layer has insulating properties. In fig. 4 
the interface between the multilayer and the degraded 
superconductor is clearly visible. 
Si 
Si,N, 
- . . . CeO, 
YSZ 
. . . . .... ____ 
Patterning 
Ar etchiRIE 
GdBaCuO 
PtO, 
Degraded GdBaCuO 
Backside 
KOH Etching 
Fig. 3: Process scheme of the bolometer; the maximum 
membrane size is 3x3 mm2. 
For protection of the superconductor, 200 nm PtO, is 
deposited. On the bondpads the PtO, is reduced to 
metallic Pt by local laser heating for electrical 
contacting. Finally the membrane is etched in KOH 
using a special front side protection chuck. This chuck 
avoids the multilayer to be in contact with KOH, and 
keeps it completely dry by a continuous N, gas flow, 
thus preventing degradation of the superconductor. 
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Fig. 4: SEMphotograph of the bolometer multilayer structure 
on a Si substrate. The rough surface on the left originates 
from the degraded superconductor. 
3.4. Bolometer Layout 
The sensing area of the bolometer consists of a meander 
structure, positioned in the middle of a membrane. The 
top view of a produced bolometer is shown in fig. 5. So 
far two different meander widths have been used, 25 
and 50 pm. In both cases the meander lines are 10 pm 
apart. In the current design the meander diameter is 
0.9 mm, placed on a membrane with a maximum size of 
3x3 mm2. The actual layout is independent of the 
technology used. By changing the lithography masks 
used for patterning, the meander layout can be changed, 
practically without technological limitations, as long as 
it does not exceed the 3x3 mm2 area of the membrane. 
Fig. 5: Top view of the bolometer structure with 50 pm wide 
meander beams; the etched membrane is not visible here. 
4. MEASUREMENTS 
4.1. Measurement Setup 
The bolometers are characterized in an Infrared 
Laboratories vacuum cryostat with liquid nitrogen 
cooling. The sample compartment in this cryostat is 
fully enclosed by a radiation shield at 78 K. The 
bolometer is mounted on a heater stage which is 
temperature controlled by a Conductus LTC- 1 OG 
temperature controller. The temperature can be 
stabilized within 1 mK. Connections to the platinum 
contact pads of the bolometer are made with 
thermosonically bonded gold wires (two or four point 
configuration). Voltage noise is measured with a DC 
bias current supplied by a battery with a large source 
resistor. An AC coupled AD745 opamp is used to 
preamplify the signal. Noise spectra are recorded with a 
HP3561A dynamic signal analyzer. 
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Fig. 6: R-T curves; (a) Uncorrected T; (b) T corrected 
according to T=T, +12R/G, with G=3.31F5 WIK. 
4.2. Results 
The resistance of a bolometer as a function of 
temperature in the region of the superconducting 
transition is shown in fig. 6. The length, width and 
thickness of the GdBCO meander are respectively 
17 mm, 25 pm and 50 nm. The resistance has been 
measured at different bias currents. In fig. 6a the 
temperature corresponds with the temperature T, of the 
substrate. In fig. 6b the temperature has been corrected 
for the temperature rise of the membrane due to 
resistive heating: T=T,+12WG, where G is the fitted 
value of the thermal conductance G for which the R-T 
curves coincide. The determined G is 3.3.10-' W/K. 
From this value we estimate a thermal conductivity of 
Si,N, of 0.032 W/cmK. At the midpoint of the transition 
where dWdT is maximal, the temperature coefficient of 
resistance c1 equals 1.1 K-' and the resistivity p is 
26 pRcm. The critical current density of the 
superconductor was measured to be lo6 A/cm2 at 77K. 
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These are typical values for high quality YBa2Cu307-F 
or GdBCO films. 
The voltage noise spectra Sv112(f) of the detector have 
been measured for different bias currents and different 
temperatures in the superconducting transition region. 
(fig. 7). SV1”(f) has been corrected for the system noise 
of the electronics. In the same figure the theoretical 
noise spectra due to phonon noise of the thermal 
conductance G and Johnson noise (=(4kTR)”) of the 
bolometer resistance are plotted. The phonon noise 
is calculated from NEPph = Sv,ph /SE = %ph 
(4kT2G)112. Here SE = IRcx/G,(~+co~ T ) ~ / ~  is the electrical 
responsivity with G,=( 1-a)G the effective thermal 
conductivity. The figure shows that the frequency 
dependence of the measured spectrum is well described 
by the sum of the phonon noise, Johnson noise and llf 
noise of the film. 
1/2 112 
From these noise spectra the values of the voltage noise 
at f=5 Hz (= 1427~7) have been determined. In fig. Sa 
these are plotted normalized by the voltage over the 
bolometer. The data are compared with the theoretical 
phonon noise and the Johnson noise. In the steepest part 
of the transition the phonon noise is dominating the 
calculated noise. The measured noise is close to the 
theoretical minimum set by the phonon noise and the 
Johnson noise, which means that the excess noise of the 
superconductor is very low. 
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Fig. 7 Measured noise spectrum (system noise subtracted) at 
T,= 85 K, I=50 p A  and R=3104 SZ and calculated 
contributions from phonon noise, Johnson noise and Iynoise 
of thefilm 
Fig. 8b shows the electrical NEP = SVlR /SE and the 
responsivity SE for I = 30 pA at 5 Hz. The responsivity 
peaks to a maximum of 2800 V/W at the temperature 
where dWdT is maximum. The minimum NEP, which 
is found near the maximum of the responsivity is 
3.7.10-’* WHz-”. This is practically equal to the phonon 
noise NEPph= (4kT2G)’” = 3.6.10-l’ WHz-”. 
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Fig. 8 (a): Normalized voltage noise at 5 Hz and calculated 
contributions from Johnson andphonon noise. (b) Electrical 
NEP and responsivity SE at 5 Hz. SE is shown for  I = 30 pt. 
5. DISCUSSION 
5.1. Influence of SON layer type 
SON substrates made according to both routes have 
been used for the production of the bolometers. 
Measurements on bolometers grown on both substrate 
types do not indicate a clear difference in quality of the 
high-T, film. This means that the crystal defects caused 
by the boron implantation do not influence the epitaxial 
growth of the YSZ/Ce02 bufferlayer. The only 
difference between the two bolometer types can be 
found in the heat conductance. The route 1 SON layer 
contains a highly boron doped layer, which has a lower 
thermal conductivity than the low doped Si top layer of 
the SO1 wafer. 
5.2. Reduction of heat conductance 
The measured noise equivalent power seems to be 
dominated by the phonon noise, which scales with G” 
(eq. 5). At this moment the two most important sources 
for this heat conductance are the silicon leads, present 
underneath the contact leads from the meander structure 
to the bondpads, and the supporting silicon nitride 
membrane. The contribution from the silicon depends 
on both the size of the beams and the electrical 
conductivity of the silicon used. Both can be chosen 
such that Gs, is reduced by at least a factor 4. The 
contribution from the silicon nitride can be reduced by 
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patterning the membrane, thus obtaining a smaller 
membrane, suspended by narrow beams. So far, 
experiments have been conducted using Ion Beam 
Etching through a shadowmask, KOH and RIE etching 
to produce free-standing suspension structures. The 
results of these experiments are very promising, and we 
hope to implement them in the near future. 
5.3. Optical absorbers 
The measured electrical NEP is within the stated 
requirement, but will scale with the absorption 
efficiency according to NEP,/q. So far we have not 
measured the responsivity of the bolometers to far 
infrared radiation. The optical responsivity is equal to 
the product of the absorption efficiency 7 and the 
electrical responsivity SE. For the present bolometer we 
estimate that q is of the order of 25 % at 6 pm 
wavelength, -13 % at 12.5 pm and further decreasing at 
longer wavelengths [9]. We are currently investigating 
the use of a proper optical absorber, to increase the 
bolometer efficiency at 84 pm wavelength. The main 
coating we are considering is a gold black layer which 
is deposited by evaporation at a high background 
pressure. On a gold background an absorption 
efficiency of SO-90% has been measured at 84.4 pm 
wavelength. At the moment we are investigating the 
practical issues for depositing gold blacks on small area 
bolometer structures. 
6. CONCLUSION 
We have shown that high-T, bolometers can be made on 
silicon nitride membranes with an output noise level 
which is dominated by the fundamental phonon noise. 
The achieved electrical NEP is 3.7.10-'* WHz-" at a 
measurement frequency of 5 Hz. This value corresponds 
with an electrical detectivity D* of 2.2.10'0 cmHz"/W. 
By decreasing the thermal conductance G by etching 
thin legs in the membrane and by adding an absorption 
layer to the bolometer we expect to be able to achieve at 
least the same NEP value for detection of far-infrared 
radiation with a wavelength of 84 pm. Such a detector 
would satisfy the demands of a Fabry-Perot instrument 
for atmospheric OH measurements and would well 
exceed the sensitivity of Hg,Cd,-,Te detectors operated 
at 77 K which is typically 2.10'' cmHz"/W with a cut- 
off wavelength of 12 pm [3]. 
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